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1. Introduction {#s0005}
===============

Global sequencing of genomes is an invaluable tool for plant research. Many genomes have been sequenced, facilitating the understanding of the physiology, biochemistry, genetics and evolution of a great number of species [@bb0005], [@bb0010], [@bb0015]. Sequencing of *Arabidopsis* genome (The *Arabidopsis* Genome Initiative, 2000) marked the beginning of plant genomics. However, this provided only partial support for the study of phylogenetically distant species. This led to the sequencing of agronomic important species such as rice [@bb0020], tomato [@bb0015], potato [@bb0025] and grape [@bb0030], among others. In recent years there has been a general interest to sequence different genomes of the botanical family Rosaceae; the sequences of apple [@bb0035], strawberry [@bb0040] and peach [@bb0045] are currently available. Each of these species is a specific genome model for the subfamilies Malaideae, Rosoideae and Amygdeloideae, respectively, which allows more precise understanding of the biochemical and physiological processes which occur in each of these taxa [@bb0005].

The genomes of *Fragaria* (x = 7), *Prunus* (x = 8) and *Malus* (x = 17) evolved from a common ancestor with x = 9 [@bb0050]. The evolutionary mechanisms involved in the speciation have been studied with molecular markers [@bb0055] and later, more precisely, by the comparative study of the sequenced genomes [@bb0010]. These studies determined that the genus *Malus* underwent a whole duplication event (WGD), and that *Prunus* is the genus with the most conserved karyotype compared to the ancestral karyotype configuration. In addition, high co-linearity between *Pyrus* and *Malus*, and high macrosynteny between *Fragaria* and *Prunus* was described [@bb0055].

In spite of this knowledge about genome evolution, there are no analyses which explain the physiological and biochemical differences among these genera. In recent years, studies in grape [@bb0060], maize [@bb0065], soybean [@bb0070] and tomato [@bb0075] have attempted to identify the physiological effects of acquisition, duplication, conservation and deletions of the R2R3MYB family of transcription factors. This family has been associated with the control of secondary metabolites [@bb0080], [@bb0085], [@bb0090], [@bb0095], development of structures [@bb0100], opening and closing of stomata [@bb0105], cold tolerance [@bb0110] phosphorous capture [@bb0115], hormone synthesis and cell signaling biotic [@bb0120], [@bb0125] and abiotic stress [@bb0110], among others.

The MYB transcription factors are characterized by the presence of the MYB domain, which is composed of four imperfectly repeated sequences (R). Each R domain has about 52 amino acids which may form three α-helix structures [@bb0130]. The MYB family is classified into four subgroups according to the number of R domains present in the protein; so far R1, R2R3, R3 and R4 have been described. The R2R3MYB subfamily is the largest in plants; it is characterized by two types of R domain in the N-terminal end and usually by a transcription activator or repressor in the C-terminal end [@bb0130].

To improve our understanding of the gene subfamily of R2R3MYB transcription factors in the sequenced genomes of the three most important species of the Rosaceae family: *Malus domestica*, *Prunus persica* and *Fragaria vesca*, we describe the expansion and conservation of clades of the R2R3MYB gene subfamily in each taxon. We also incorporate a functional analysis based on the clustering of R2R3MYB genes of *Arabidopsis*, evolutionarily more recent than Rosaceae family. We determine the chromosome distribution of the predicted models and putative paralog gene models. Our results provide the first comprehensive analysis of the gene structure, gene distribution, gene duplication and putative function of the R2R3MYB family encoded in the Rosaceae genome.

2. Results and discussion {#s0010}
=========================

2.1. Identification of R2R3MYB genes in Rosaceae {#s0015}
------------------------------------------------

Gene models of R2R3MYB transcription factors were obtained from functional annotation of each genome project for apple, strawberry and peach. Sequences identified were checked for R2R3 domains through InterProscan (V.5.14), removing sequences with incomplete R2 or R3 domains. Previously, 244; 157; 126; 121; 109 and 108 R2R3MYB genes have been described in maize [@bb0065], soybean [@bb0070], *Arabidopsis* [@bb0080], tomato [@bb0075], rice [@bb0135] and grape [@bb0060], respectively. Our study identified 186, 98 and 86 non-redundant gene models for apple, peach and strawberry, respectively. Both the largest number of predicted genes in sequenced genomes of plants and the greatest number of predicted transcription factors have been reported in apple; more than 400 transcription factors of the MYB family have been identified [@bb0035]. Cao et al. mentioned that 222 and 121 models correspond to apple and peach R2R3MYB subfamily, respectively [@bb0140]. Our study reduced these values to 16% for apple and 30% for peach updating the number of R2R3MYB transcription factors available in each genome. By contrast, in strawberry only 187 MYB models have been identified [@bb0040], and we identified the smallest R2R3MYB subfamily (86 models) described in Rosacea family up to now.

To determine both homologous domain sequences and amino acid frequency in each position within R2 and R3 domains, we performed a multiple alignment analysis for each domain in each species under study. In [Fig. 1](#f0005){ref-type="fig"} we can observe different amino acids frequency for each position of the R2 and R3 domains. Our results confirm the conserved nature of each of these domains. All gene families have three conserved tryptophans in the R2 domain, while only two are present in the R3 domain, where the first tryptophan is always replaced by a hydrophobic amino acid, which is consistent with that was observed in other studies of this gene family such as cucumber [@bb0145] and tomato [@bb0075].

2.2. Intron -- exon structure of the Rosaceae R2R3MYB family and genomic distribution {#s0020}
-------------------------------------------------------------------------------------

We found 4, 7.5 and 8% of single exon genes for peach, apple and strawberry, respectively. Exon 1 and 2 usually encode almost the entire R2R3 domain, presenting both exons a uniform size range through the botanical family. In peach, the first exon has an average size of 202 bp, while it reaches 246 bp and 253 bp for strawberry and apple, respectively. Furthermore, exon 2 achieved average size values of 241, 261 and 271 bp for peach, apple and strawberry, respectively ([Fig. 2](#f0010){ref-type="fig"}a). Regardless of the species analyzed, exon 3 is the one that has the greatest diversity in sequence length (strawberry, 44--1062 bp; apple, 52--1176 bp; peach, 56--1159 bp). Diversity in sequence length leads into a source of functional divergence due to amino acid changes in motifs and domains. Considering length of the first three exons, we have identified a common pattern of gene diversity in Rosaceae ([Fig. 2](#f0010){ref-type="fig"}b) with similar results to those obtained in tomato [@bb0075], *Arabidopsis* and grape [@bb0060].

Using available genome position reference for each gene model, it was possible to determine that R2R3MYB genes are distributed across all chromosomes ([Fig. 3](#f0015){ref-type="fig"} and [Fig. S1](#ec0010){ref-type="supplementary-material"}). Using this information, we proceeded to obtain specific evolutionary relationships between both species and gene models through synteny analysis. Our results, considering gene model position and sequence similarity, determined that 105 genes are collinear between species (29.09%), and ten syntenic blocks were found ([Table S1](#ec0005){ref-type="supplementary-material"}). Apple chromosomes 9 and 17, as well as 5 and 10, have gene models highly collinear coming from a segmental duplication event. In addition, apple chromosomes 9 and 17 are highly collinear with peach chromosome 3 and strawberry chromosome 6, respectively. In turn, peach chromosomes 1 and 2 are collinear with apple chromosomes 8 and 1, respectively ([Fig. 4](#f0020){ref-type="fig"}), being consistent with what was reported by Illa et al. [@bb0050].

2.3. Phylogenetic analysis and functional diversity of R2R3MYB genes in Rosaceae family {#s0025}
---------------------------------------------------------------------------------------

To identify new clades, expansions and genic conservation, we constructed phylogenetic tree using the neighbor-joining algorithm. Neighbor-joining tree considered all putative genes identified in each genome and all R2R3MYB genes described in *Arabidopsis* ([Fig. 5](#f0025){ref-type="fig"}; [Fig. S2](#ec0015){ref-type="supplementary-material"}). The association in clades and subclades of gene models and described genes, has facilitated the identification of possible functions of candidate genes [@bb0060], allowing the recognition of similar genes with cooperative or redundant functions. These analyses allowed us the identification of 44 functional clusters suggested by R2R3MYB *Arabidopsis* sequences and, additionally, this strategy allowed us the identification of seven new clusters, identified as subgroup 14 (14S); subgroup 18 (18S); subgroup 22 (22S); subgroup 28 (28S); subgroup 31 (31S); subgroup 40 (40S) and subgroup 44 (44S). Furthermore, gene models inside of each syntenic block mentioned above ([Table S1](#ec0005){ref-type="supplementary-material"}) were found in different subgroups, suggesting that the evolution of this family was through a mechanism different from tandem duplication.

### 2.3.1. Regulation of plant development and cell destiny {#s0030}

By RNA-seq, gene models proposed in the apple genome have been widely validated, allowing the study of transcriptional profile of primary roots (radicles) [@bb0150], auxin-responsive genes [@bb0155] and regulatory genes in different stages of fruit development [@bb0160]. Specifically, Legay et al. [@bb0165] validated by RNA-seq the following R2R3MYB transcription factors: MDP0000655330 (S16), MDP0000787808 (S10), MDP0000149535 (S8), MDP0000320772 and MDP0000228252 (S3), MDP0000197283 (S1), MDP0000291518 and MDP0000852158 (S41), MDP0000322479 (S23), MDP0000157506 (S30). These transcription factors are expressed in apple exocarp, where some of them are expressed differentially in fruit with russet defect characterized by the accumulation of suberin at the inner part of the cell wall of the outer epidermal cell layers. On the other hand, several gene models of R2R3MYB transcription factors have been validated in peach [@bb0170], [@bb0175], [@bb0180], [@bb0185].

*Arabidopsis* has many control points in the development of male reproductive structures, which is reflected in the number of MYB factors that participate in this process. It has been reported that AtMYB21, AtMYB24, AtMYB57 (S34) and AtMYB108 (S35) are expressed during pollen and stamen maturation. Factor clustered in subgroup 34 responds to gibberellin to induce jasmonate synthesis [@bb0195]; AtMYB24 and AtMYB108 have redundant functions [@bb0200] and are downstreamed from the regulator AtMYB21 [@bb0100]. Studies in *Arabidopsis* have shown that AtMYB103 (S25) is closely associated with tapetum, anthers and exine development [@bb0205]. Although male structures are highly conserved in angiosperm evolution, we found fewer gene models of subgroup 34 in Rosaceae than the genes described in *Arabidopsis*.

AtMYB61 (S26) has been reported to be a transcription factor associated with photomorphogenic control, mucilage deposition, stomatal aperture, xylem formation and carbon translocation to the roots, among others [@bb0210], [@bb0215], [@bb0220], [@bb0225]. This group also includes transcription factors AtMYB50, AtMYB55 and AtMYB86, for which no associated functions have been found yet. The number of apple gene models found in subgroup 26 was similar to that described for *Arabidopsis*; however, only one gene was found for peach and strawberry, respectively. In *Arabidopsis*, there was probably an event of genic sub-functionalization with respect to peach and strawberry, while apple may have conserved these genes after global genome duplication.

*Arabidopsis* transcription factor AtMYB5 was found in subgroup 16 (16S). This factor participates in trichome morphogenesis and mucilage synthesis [@bb0230]. In this subgroup, we only found one gene model for peach and three for apple. Gene model MDP0000655330 has been previously described in russeted cultivars for apple, characterized by a slightly rough skin phenotype [@bb0165].

Subgroup 5 (5S) contains transcription factors AtMYB106/NOK and AtMYB16/MIXTA. These transcription factors participate in trichome development, and the latter determines the form of petals epidermal cells [@bb0235]. Recently, ppa023143m has been validated and characterized as a positive regulator of trichome formation in peach fruit, generating the difference among nectarine and peach fruits [@bb0185]. Nevertheless, our data indicate that there are a large number of genes in each of the three studied genomes, which reveals strong control over the development of these structures in Rosaceae.

### 2.3.2. Control of primary and secondary metabolism {#s0035}

Transcription factors AtMYB28, AtMYB29, AtMYB34, AtMYB51, AtMYB76 and AtMYB122 are associated with the synthesis of glucosinolates [@bb0240], [@bb0245], [@bb0250], [@bb0255] and always formed a monophyletic clade without interacting directly with any Rosaceae gene model. This clade is related to the evolution of the order Brassicaleae as a function of the adaptive response to herbivory [@bb0260].

We obtain consistent and conserved clades with factors AtMYB58 and AtMYB63 (S4), both associated with lignin synthesis during the formation of the secondary cell wall in plant cells [@bb0265]. Lignin biosynthesis implies highly complex transcriptional networks [@bb0270]. Secondary Wall-Associated NAC Domain Protein 1 (SND1) is a key transcription factor for the formation of the secondary wall, including cellulose and lignin synthesis. AtMYB83 and AtMYB46 are direct targets of SND1, showing functional redundancy in the secondary wall formation cascade [@bb0090]. AtMYB46 would also regulate AtMYB52 and AtMYB63 [@bb0275], which are transcriptional activators of lignin biosynthesis regulated by homologs of SND1 [@bb0265]. AtMYB54 (S41), AtMYB61 (S26) and AtMYB69 (S41) also participate in secondary wall synthesis, in biosynthetic genes activation and in lignification control [@bb0200].

The high number of gene models related to these genes may be justified by the structural diversity observed in trees (peach and apple) compared to herbaceous species (strawberry). We must consider the total genome duplication in apple as well as physiological differences; for example, pit formation in peach, where R2R3MYB genes had to change their spatial and temporal expresion patterns to give origin to this particular structure.

Regulation of phenylpropanoid pathway, and specifically, flavonoid pathway, has been well described [@bb0130]. The AtMYB11, AtMYB12 and AtMYB111 genes (S12) of *Arabidopsis* are related to the production of flavonol glycosides [@bb0280]. This clade is conserved with respect to *Arabidopsis* in the Rosaceae; there were two or three gene models in each analyzed genome ([Fig. S2](#ec0015){ref-type="supplementary-material"}). In peach, ppa004560m (MYB15), ppa010277m (MYB16) and ppa010716m (MYB111) have already been described \[34\]. While MYB15 is part of the flavonol glycosides clade (S4).

The repressor group (S11) has been extensively described in *Arabidopsis*. Jin et al. [@bb0285] and Preston et al. [@bb0290] found two protein domains associated with this clade, which were also identified in our alignment. High level of regulation by this subgroup in the phenylpropanoid pathway has been described in *Arabidopsis*. AtMYB32 mutants decrease the expression levels of DFR (dihydrofavonol-4 reductase) and LDOX (leucoanthocianidine dioxygenase) enzymes [@bb0285], while AtMYB4 has been associated with the production of cinnamate-4 hydroxylase and photoprotector compounds in response to UV radiation [@bb0295], [@bb0300]. In Rosaceae, studies of repressor MYB transcription factors are scarce. However, FaMYB1 is strongly implicated in the suppression of anthocyanins and the accumulation of flavonols, probably by the regulation of the UFGT (UDP glucose: flavonoid-3-O-glucosyltransferase) and LDOX enzymes [@bb0305].

Many studies have been performed to determine genes homologous to AtMYB75/PAP1 and AtMYB90/PAP2 in Rosaceae. These are specific activators of the flavonoid pathway which, when overexpressed, stimulate the production of anthocyanins [@bb0310]. Several studies in apple determined the allelic variants and the regulatory zone of gene MYB10 of Rosaceae [@bb0085], [@bb0095], [@bb0315], [@bb0320], [@bb0325]. This gene is strongly involved in the regulation of structural genes of the metabolic pathway associated with anthocyanin synthesis and thus directly determines their accumulation. In our alignments, genes AtMYB75/PAP1, AtMYB90/PAP2, AtMYB113 and AtMYB114 always formed a specific clade for *Arabidopsis*. In peach, the regulation of flavonoids pathway have been extensively characterized revealing tandem duplication of MYB10 (linkage group 3): ppa026640m (MYB10.1), ppa016711m (MYB10.2) and ppa020385m (MYB10. 3) [@bb0180]. Zhou et al. [@bb0190] have also validated these gene models-integrating to the analysis- the three transcription factors belonging to the linkage group 6. However, these models do not correspond to R2R3MYB; therefore they have been excluded from our analysis.

Genes AtMYB5 (S16) and AtMYB123/TT2 (S19) showed partially redundant functions in tannin synthesis in *Arabidopsis* seeds [@bb0330]. Ravaglia et al. [@bb0170] have described ppa023768m (MYB123) and ppa009439m (MYBPA1/subgroup 14). Our study proposes a total of 5, 8 and 10 gene models for MYB123-like, and 3, 2, and 2 for MYBPA1-like in strawberry, peach and apple, respectively. In the genome sequence of strawberry there is an expansion of the clade associated with AtMYB123 [@bb0040]. We determined that this expansion occurs in the botanical family probably due, among other reasons, to a response in the formation of fleshy fruit structures which accumulate large amounts of these compounds in the first development stages. It should be noted that neither apples nor strawberries are true fruits, thus the events of gene duplication, which occurred in these subfamilies, would also have facilitated the accumulation of anthocyanins and tannins in other structures.

In conclusion, 186, 98 and 86 non-redundant gene models were identified for apple, peach and strawberry, respectively. Phylogenetic comparisons grouped gene models into 44 functional subgroups, seven of which were unique for Rosaceae and syntenic analysis determinted 10 syntenic block and 105 collinear gene models across the studied species. Although some gene models in peach and apple have been validated under several approaches, more research in the Rosaceae family is necessary to determine gene expression patterns in specific tissues and development stages for each gene model identified in this study.

3. Materials and methods {#s0040}
========================

3.1. Search for MYBR2R3 transcription factors and sequence conservation analysis {#s0045}
--------------------------------------------------------------------------------

R2R3MYB transcription factors annotated (predicted) for each genome project were downloaded from Phytozome database ([www.phytozome.net](http://www.phytozome.net){#ir0015}) [@bb0335]. In order to confirm the presence of R2R3MYB domain and verify the reliability of the candidate sequences, all sequences were analyzed using InterProScan V.5.14 [@bb0340]. Only those which had complete R2R3 domains were used in order to make the search more precise and obtain models with greater probability of being expressed, thus avoiding pseudogenes. Sequences which share the same chromosome position but are given different names were considered as redundant in the counts of total numbers of MYB transcription factors. On the other hand, 125 *Arabidopsis* R2R3MYB protein sequences were downloaded from TAIR *Arabidopsis* genome (<http://www.Arabidopsis.org>/). All IDs of selected sequences from Phytozome and TAIR databases are shown in the Supplementary Table 2.

To analyze the features of the R2R3MYB domain of each genome, the sequences of R2 and R3 MYB repeats were aligned with clustalW. Then, multiple alignment sequences were submitted to WEBLOGO website (<http://weblogo.berkeley.edu/logo.cgi>).

3.2. Intron -- exon structure of the Rosaceae R2R3MYB family and genomic distribution {#s0050}
-------------------------------------------------------------------------------------

Intron -- exon structure was determined using the information available for each genome project. GFF files (General Feature Format files) of each genome were used to extract the exact position of all intron and exons for each predicted gene model. Then, number and length of introns and exons were calculated. Linkage groups were constructed using the software Mapchart 2.2; while all the graphs were constructed using SigmaPlot version 10.0.

To determine the relationship across Rosaceae genomes and predicted R2R3MYB we analyzed the synteny and collinearity of these genes between the genomes. For this, we used the MCScan software [@bb0345]. This software is an algorithm to scan multiple genomes or subgenomes to identify putative homologous chromosomal regions, and then align these regions using genes as anchors, in our case, R2R3MYB transcription factors.

3.3. Phylogenetic analysis and functional diversity of R2R3MYB genes in Rosaceae {#s0055}
--------------------------------------------------------------------------------

Using the dataset generated for each species we performed a phylogenetic analysis along with the 125 R2R3MYB genes described for *Arabidopsis* ([www.arabidopsis.org](http://www.arabidopsis.org){#ir0030}) [@bb0350]. Alignments were performed with a BLOSUM matrix (gap opening penalty 25 and gap extension penalty 1) using the ClustalW algorithm (based on the AlignX module) in the MEGA6 program. Phylogenetic analyses used the neighbor-joining algorithm. Confidence in the nodes was estimated by bootstrap sampling with 1000 repetitions. Classification of the R2R3MYB genes was performed according to their phylogenetic relationships with their corresponding *Arabidopsis* R2R3MYB genes.

The following are the supplementary data related to this article.Table S1Relationship across Rosaceae genomes and predicted R2R3MYB based on R2R3MYB gene models collinearity.Table S1Fig. S1Linkage groups and chromosomal positioning of the gene models found peach (a), strewberry (b) and apple (c).Fig. S1Fig. S2Phylogenetic relationships and subgroup designations in R2R3MYB protiens from Rosaceae. The neighbor-joining tree includes 126 protien sequences of *Arabidopsis* (At), 86 from strewberry (Fv), 99 from peach (Pp) and 186 from apple (Md).Fig. S2Supplementary material.Image 2
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![R2 and R3 MYB repeats are highly conserved across all R2R3MYB domain proteins. Sequence logos of the R2 (top) and R3 (bottom) MYB repeats are based on conserved alignments for *Prunus persica* (a), *Fragaria vesca* (b) and *Malus domestica* (c). The overall height of each stack indicates the conservation of the sequence at that position, whereas the height of letters within each stack represents the relative frequency of the corresponding amino acid. Asterisk indicates the position of the conserved amino acid that are identical among R2R3MYB proteins.](gr1){#f0005}

![Exon length distribution analysis of Rosaceae R2R3MYB genes. a) Exon length (Exon 1--Exon 5) values were analyzed using Box plot depicted by SigmaPlot 10.0 on *Prunus persica*, *Malus domestica* and *Fragaria vesca*, respectively. Each box represents the exon size range in which 50% of the values for a particular exon are grouped. The median is represented as a continuous line. b) First, second and third exon lengths in *Prunus persica*, *Malus domestica* and *Fragaria vesca*, respectively.](gr2){#f0010}

![Chromosome locations of R2R3MYB transcription factors at *Prunus persica*, *Malus domestica* and *Fragaria vesca*. Chromosomal position of each R2R3MYB was mapped according to each genome information.](gr3){#f0015}

![Schematic representation of R2R3MYB genes synteny in Rosaceae family. The chromosome number is indicated at the top of each chromosome pp.: *Prunus persica*, md: *Malus domestica* and fv: *Fragaria vesca.* Color lines suggest duplicated R2R3MYB gene pairs between chromosomes.](gr4){#f0020}

![a) Phylogenetic relationships and subgroup designations in R2R3MYB proteins from Rosaceae. 44 subgroups were identified in the neighbor-joining tree analysis. 125 protein sequences of *Arabidopsis* (*At*), 86 from strawberry (*Fv*), 98 from peach (*Pp*) and 186 from apple (*Md*) were used. Not condensed neighbor-joining tree is showed in [Supplementary Fig. 2](#ec0015){ref-type="supplementary-material"}. b) Membership of each subgroup is described in the table. Highlighted subgroups are conformed only by Rosaceae sequences.\
a) Phylogenetic relationships and subgroup designations in R2R3MYB proteins from Rosaceae. 44 subgroups were identified in the neighbor-joining tree analysis. 125 protein sequences of *Arabidopsis* (*At*), 86 from strawberry (*Fv*), 98 from peach (*Pp*) and 186 from apple (*Md*) were used. Not condensed neighbor-joining tree is showed in Supplementary Fig. 2. b) Membership of each subgroup is described in the table. Highlighted subgroups are conformed only by Rosaceae sequences.](gr5){#f0025}
